Background: Vision in starlight relies on our ability to detect single absorbed photons. Indeed, the sensitivity of darkadapted vision approaches limits set by the quantal nature of light. This sensitivity requires neural mechanisms that selectively transmit quantal responses and suppress noise. Such mechanisms face an inevitable tradeoff because signal and noise cannot be perfectly separated, and rejecting noise also means rejecting signal. Results: We report measurements of single-photon responses in the output signals of the primate retina. We find that visual signals arising from a few absorbed photons are read out fundamentally differently by primate On and Off parasol ganglion cells, key retinal output neurons. Off parasol cells respond linearly to near-threshold flashes, retaining sensitivity to each absorbed photon but maintaining a high level of noise. On parasol cells respond nonlinearly due to thresholding of their excitatory synaptic inputs. This nonlinearity reduces neural noise but also limits information about single-photon absorptions. Conclusions: The long-standing idea that information about each photon absorption is available for behavior at the sensitivity limit of vision is not universally true across retinal outputs. More generally, our work shows how a neural circuit balances the competing needs for sensitivity and noise rejection.
Introduction
Sensory receptors exhibit impressive sensitivity: auditory hair cells detect displacements of subatomic dimensions [1, 2] , pheromone receptors respond to single molecules [3] , and rod photoreceptors detect single photons [4] . The neural circuits that read out the receptor responses inevitably add noise that threatens to limit sensory performance. High initial amplification can mitigate the effect of such readout noise, but this strategy alone may not be sufficient when the signals of interest are carried by a small fraction of the receptors, i.e., are sparse. Under these conditions, convergence of multiple inputs on downstream cells raises a general problem: how to separate the sparse signals of interest from the noise present in all the inputs.
Seeing in starlight exemplifies this problem because photons arrive rarely at individual rod photoreceptors. Visually guided behavior under these conditions relies on detecting signals generated by <0.1% of the rods in the presence of noise generated by all the rods (reviewed in [5] ). Linear integration (i.e., averaging) of rod signals under these conditions would be disastrous for visual sensitivity; instead, reliable readout of the rod signals requires separation of single-photon responses from noise-e.g., by thresholdingprior to integration [6, 7] . Indeed, rod signals are thresholded at the first synapse in the rod bipolar pathway [8] [9] [10] , a dedicated retinal circuit that processes mammalian rod signals at low light levels [11] [12] [13] [14] [15] [16] .
A near-identical problem recurs at later stages of retinal processing. Responses to single absorbed photons remain sparse throughout many of the neurons that comprise the retinal readout of the rod signals. Meanwhile, synaptic and cellular processes in these neurons necessarily add noise that threatens to obscure the sparse responses to single absorbed photons. This added noise raises the possibility that additional thresholding steps at key sites of convergence within the retinal circuitry serve to reduce noise. But such thresholding will reject both noise and a fraction of the single-photon responses. This tradeoff is the common problem of balancing false positives (noise-driven responses) and false negatives (missed single-photon responses) encountered in any near-threshold discrimination task. This balance relates to the decades-old problem of whether information about each absorbed photon is available for perceptual decisions, or instead if neural mechanisms impose a threshold below which information is unavailable (reviewed by [17] ). Our aims here were to understand how mechanisms in the primate retina balance noise rejection and signal retention at absolute visual threshold and to determine whether different parallel retinal outputs strike the same balance.
Results

On and Off Parasol Ganglion Cells Both Have High Sensitivity but Different Coding Strategies at Detection Threshold
To characterize retinal output signals of direct relevance for human behavior, we recorded the electrical responses of dark-adapted primate ganglion cells to flashes near behavioral threshold. We emphasized On and Off parasol (magnocellularprojecting) ganglion cells, which most likely contribute to absolute behavioral sensitivity since they receive abundant rod input [18, 19] and provide information about subtle changes in contrast to appropriate central targets [20] .
Spontaneous and light-evoked responses of On and Off parasol cells differed markedly. On parasol cells generated few spontaneous spikes ( Figure 1A ; dark firing rate 0.48 6 0.09 Hz, mean 6 SEM, n = 59), whereas Off parasol cells had a substantial spontaneous firing rate ( Figure 1B ; dark firing rate 19.9 6 3.2 Hz, mean 6 SEM, n = 7). The low dark activity of On parasol cells was surprising, given that 10-20 spontaneous photon-like noise events occur every second in the collection of w4,000 rods providing (indirect) input to the recorded cells (eccentricity >20 ; see the Experimental Procedures; [5, 6, 21] ); assuming linear integration and the generation of approximately one spike per photoisomerization (see below and [22, 23] ), these spontaneous events should produce dark firing rates of 10-20 spikes/s. Substantial dark activity has been observed in in vivo recordings from On center ganglion cells in anesthetized cats [22, 23] and attributed to linear summation of spontaneous photon-like events (reviewed by [17] ). The near silence of dark-adapted On parasol cells is inconsistent with this linear model. Both On and Off parasol cells generated discernible responses to flashes that produced approximately three to four absorbed photons within the entire receptive field of the ganglion cell (i.e., 3-4 isomerizations per parasol ganglion cell [R*/RGC]; Figures 1A-1D) . Responses of On parasol cells, when present, were easily identified due to the low spontaneous firing rates of the cells ( Figure 1A) . Responses of Off parasol cells could be masked by gaps in the ongoing spontaneous activity ( Figure 1B ). Both cell types responded strongly to flashes producing w15 R*/RGC, with On cells generating five to ten spikes and Off cells completely suppressing their spontaneous firing.
We used a two-interval forced-choice analysis to explore how the differences in firing properties illustrated in Figures 1A-1D affected sensitivity (see the Experimental Procedures and [24, 25] ). Discrimination was based on spike responses during the intervals before and after the flash. The task was to determine which of the two responses was more likely elicited by the flash. Responses of both On and Off parasol cells permitted better-than-chance detection of flashes producing 3-4 R*/RGC ( Figure 1E ). Off parasol cells were generally more sensitive to the dimmest flashes and less sensitive to the brightest flashes than On parasol cells. More strikingly, the responses that were incorrectly discriminated differed considerably. As the flash intensity increased, Off parasol cells showed a gradually increasing difference between the correct (solid gray traces in the Figure 1E inset) and incorrect (dashed gray traces in the Figure 1E inset) choices. This difference was already present on average at the lowest flash strengths (I and II in Figure 1E ). Incorrect discrimination was dominated by random gaps in firing due to noise. On parasol cells either responded robustly or failed to respond altogether (see the solid and dashed black traces in the Figure 1E inset) . Thus incorrect discrimination for On parasol responses was dominated by trials in which the cell failed to respond.
On, but Not Off, Parasol Ganglion Cells Nonlinearly Integrate Single-Photon Responses in the Dark Competing models for absolute visual sensitivity assume either that ganglion cells linearly integrate responses of rods that absorb photons or that instead ganglion cells respond only to multiple absorbed photons (reviewed by [17] ). As described below, the answer to this question depends on cell type in the primate retina: Off parasol cells integrated photon absorptions linearly or near linearly, whereas On parasol cells exhibited strongly nonlinear integration. Figure 2A shows the dependence of firing rate on flash strength for example On and Off parasol ganglion cells. Linear integration would produce a slope of one on this log-log plot (dashed line). The decrease in firing rate of the Off parasol cell to flashes producing <10 R*/RGC follows this linear expectation, whereas for brighter flashes the response saturates as firing is completely suppressed. On parasol responses increased more steeply with flash strength; the slope of near two indicates that the responses grew approximately as the square of the flash strength. The difference in the dependence of On and Off parasol responses on flash strength held across recorded cells (Figure 2A, inset) . The nonlinearity apparent in the responses of On parasol cells is consistent with a threshold that causes the average response to two absorbed photons to be larger than twice the average single-photon response. Such a threshold could eliminate noise generated from spontaneous rhodopsin activation or within the retinal circuitry and hence explain the low spontaneous firing rate of On parasol cells. We investigated the origin of this nonlinearity since it was unexpected from past work on mammalian ganglion cells [22, 23] and because we were interested in the impact of nonlinear integration on how rod responses to single photons were encoded in the retinal output.
The nonlinear responses of On parasol cells could originate within the retinal circuits that control synaptic inputs to the cell and/or from mechanisms intrinsic to the ganglion cell such as spike generation. To distinguish between these possibilities, we measured the excitatory synaptic inputs to On parasol cells by voltage-clamping the cells at the reversal potential (w270 mV) for inhibitory synaptic input. Consistent with their low spontaneous firing rates, On parasol cells received minimal spontaneous excitatory synaptic input in the dark ( Figure 2B ). This absence of spontaneous input, like the absence of spontaneous spikes, indicates that noise due to spontaneous activation of rhodopsin is largely unable to traverse On retinal circuits and modulate the ganglion cell response.
We divided the average On parasol responses to dim flashes ( Figure 2C ) by the flash strength to estimate the sensitivity, or response per absorbed photon ( Figure 2D ). Sensitivity of the excitatory synaptic inputs increased with increasing flash strength; as expected, this increased sensitivity resulted in a greater-than-linear dependence of the response amplitude on flash strength (Figure 2A ; slope w2). The nonlinear dependence of excitatory input on flash strength closely mirrored that of the spike output (Figure 2A , inset; lines connect cells in which both spikes and excitatory inputs were measured).
The nonlinearities of On parasol responses are consistent with a thresholding nonlinearity that eliminates or suppresses many single-photon responses. Such a nonlinearity predicts three distinct regions of the stimulus-response relation (Figure 2E) . (1) (E) A simple thresholding model can explain the shape of the stimulusresponse relation. Data points show integrated excitatory synaptic inputs (mean 6 SEM) for seven On parasol cells that were probed using the weakest flashes producing <1 R*/RGC. The nonlinear region of the stimulusresponse relation occurs where changes in flash strength shift structure in the response distribution from below threshold to above threshold (e.g., the red data point). Peaks in the modeled response distributions are due to discrete photon counts arising from Poisson distribution of the absorbed photons. The spread in the peak of the modeled distributions comes from additive Gaussian noise.
one absorbed photon within the collection of rods pooled prior to the threshold, and only large responses to single photons or responses that occur together with large noise fluctuations exceed threshold. Increasing the flash strength increases the probability that a single photon is absorbed within the rod pool, but the probability that two photons are absorbed remains negligible. Thus, the threshold operates effectively only on responses to single photons. As a result, the fraction of responses eliminated by the threshold is nearly independent of flash strength, and the stimulus-response relation is linear (black symbols and distributions in Figure 2E ). (2) For somewhat brighter flashes, increases in flash strength produce sizable increases in the probability that two photons are absorbed within the rod pool (red symbol and distribution in Figure 2E ). These responses produce a supralinear stimulus-response relation since they exceed threshold and are not eliminated by the thresholding mechanism. Doubling of the flash strength in this intensity range causes on average more than a doubling of the response. (3) For flash strengths at which the mean response is considerably larger than threshold, few or no responses are eliminated. The stimulusresponse relation is again linear, since increasing the flash strength does not change the fraction of responses eliminated by the threshold (see the blue symbols and distributions in Figure 2E ). The transition between the two different linear regions (regions 1 and 3) of the stimulus-response relation depends on the height of the threshold relative to the singlephoton response and the number of rod signals pooled at the location of the threshold. The experiments illustrated in Figures 1 and 2 highlight a nonlinear mechanism controlling signal and noise in the synaptic inputs and spike outputs of On, but not Off, parasol ganglion cells. The nonlinearity is engaged by flashes producing absorbed photons in 0.0005%-0.002% of the rods. Since the nonlinearity is present in the On parasol excitatory synaptic inputs, it must be largely located in the retinal circuitry that conveys rod signals to On parasol cells, rather than in the ganglion cell itself. Below, we investigate the functional consequences and the location of the nonlinearity.
Impact of Nonlinearity on Encoding Sparse Input Signals
How does the nonlinearity in the On parasol responses impact the fidelity with which the cells encode sparse visual signals? Answering this question requires estimating signal and noise in the On parasol responses with and without the nonlinearity.
The model in Figure 2E predicts that the impact of the nonlinearity will be minimized by background light that produces sufficient mean activity to shift most of the responses to amplitudes above the threshold (see Figure 3A , top). Indeed, in the presence of backgrounds producing at least 0.008 R*/rod/s, excitatory inputs and spike outputs of On parasol cells depended near linearly on flash strength ( Figures 3A and 3B ). Such backgrounds increase the rate of photon-like events in the rods w2-fold compared to those arising from spontaneous rhodopsin activation alone (0.003 to 0.006 R*/rod/s) [5, 6] . With linear integration, these backgrounds would produce at most a 2-to 3-fold increase in the variance of a ganglion cell's synaptic inputs and spike outputs; the increase in variance would be even smaller if noise from sources other than rhodopsin activation is substantial. Instead, the variance increased 20-fold (excitatory inputs) to 60-fold (spike counts) ( Figures 3C and 3D ). This strong dependence of noise on background is further evidence for a nonlinearity that suppresses noise in darkness.
To estimate how much nonlinear integration reduced dark noise, we extrapolated the variance from backgrounds in which the stimulus-response relation is linear (green line in Figure 3A ) to darkness (dashed line in Figure 3C ; see the Figure 3 legend). This extrapolation indicated that the nonlinearity suppressed noise 5-fold (excitatory inputs) to 20-fold (spikes) ( Figure 3D , gray symbols and black bars). Such noise suppression comes at the cost of suppressing responses to small numbers of absorbed photons ( Figure 2E ). Two approaches to estimating the loss in signal yielded similar results. First, we used the maximal flash sensitivity in darkness (flashes producing w10 R*/RGC; see Figure 2D ) to predict the amplitudes of responses to weaker flashes assuming linearity. We then compared these predicted linear responses to those actually observed to estimate how much the nonlinearity suppressed the measured responses. Second, we compared the sensitivity of (linear) average responses measured in the presence of a weak background (see the green symbols in Figure 3A ) to responses to the same flashes in the absence of the background.
We used these estimates of the signal and noise without the nonlinearity to evaluate its impact on the fidelity of encoding of sparse signals. Thus we compared the measured dark signal-to-noise ratio (flash sensitivity divided by the standard deviation of the noise) with that estimated for linear responses. For flashes producing R4 R*/RGC, the decrease in noise due to the nonlinearity was greater than the decrease in signal; as a consequence, the nonlinearity improved the signal-to-noise ratio in the dark by a factor of 2-4 compared to a linear readout ( Figure 3E ). For flashes producing %2 R*/RGC, the decrease in signal was similar to or slightly greater than the decrease in noise. As a consequence, linear readouts had equal or higher signal-to-noise ratios compared to nonlinear readouts for the lowest flash strengths. This result is consistent with the differences in discrimination in Figure 1E , where responses of Off parasol cells allowed better discrimination performance at the lowest flash strengths, but On parasol responses provided better discrimination for flashes producing >4-5 R*/RGC.
Nonlinearity Is Located at the Primary Excitatory Synapse onto the Ganglion Cell
The light levels at which nonlinear integration is apparent constrain the potential locations within the retina. Since signals producing as few as 1-2 R* per thousand rods are integrated nonlinearly, the nonlinearity must arise at a location receiving converging input from at least 500-1,000 rods (Figure 4A ). This requirement precludes the known nonlinearity at the synapse between rod photoreceptors and rod bipolar cells, which operates on signals from individual rods at flash strengths w1,000-fold higher (see Figure S1 available online). Rod convergence has been studied most thoroughly in cat retina, where each AII amacrine cell pools signals from w300-500 rods [26, 27] ; synaptic terminals of On cone bipolar cells pool from a similar number of rods when signals traverse the retina through the rod bipolar pathway since they effectively inherit the rod convergence present in the AII amacrine responses [26] . Assuming similar levels of convergence in primate retina, the nonlinearity must be located between the inputs to AII amacrine cells and inputs to On parasol ganglion cells. Our recorded On parasol ganglion cells pool signals from w4,000 rods [21] .
Two experiments identified the cone bipolar output synapse as the location of the nonlinearity (Figure 4) . First, just as observed for spike outputs (Figure 2A ), flashes that produced nonlinear excitatory inputs to On parasol cells produced linear excitatory inputs to Off parasol cells (Figures 4B-4D ). This difference indicates that the nonlinearity observed in the On parasol responses originates after the divergence of signals into On and Off circuits. At low light levels, this divergence occurs late in the circuitry at the level of the AII amacrine cell output ( Figure 4A) . As a consequence, we would expect a nonlinear mechanism shaping AII amacrine responses to affect both On and Off parasol cell responses. Since Off parasol responses were linear, this makes the On cone bipolar output synapse a likely location for the nonlinearity.
Second, the nonlinearity affected both rod and cone signals. At low light levels, rod and cone signals traverse the retina through distinct circuitry until they reach the cone bipolar synaptic terminal ( Figure 4E ). Thus rod-and cone-mediated excitatory synaptic inputs to an On parasol ganglion cell should share the same nonlinearity if it is indeed located at this synapse; they are unlikely to share the same nonlinearity if it is located at a different site in the rod bipolar circuitry.
The difference in spectral sensitivity between rods and long-wavelength-sensitive cones allowed separation of rodand cone-mediated responses in the ganglion cell inputs [28] . Responses to long-wavelength flashes had a fast conemediated component and a slower rod-mediated component (purple trace in Figure 4F ), whereas responses to short-wavelength flashes (blue trace in Figure 4F ) had only the slow (rod) component. Rod-mediated responses in these experiments were quite strong and often exhibited oscillations during (E) Signal-to-noise ratio (mean response per photoisomerization / SD of noise) as a function of flash strength. The measured signal-to-noise ratio has been scaled by that expected for a linear system, assuming the maximum flash sensitivity (cf. Figure 2D ) and noise as determined in (C) (dashed line) by extrapolation of the measured variance to darkness from backgrounds that relieve the nonlinearity. Open symbols show the signal-to-noise ratio (SNR; mean 6 SEM) for excitatory inputs (n = 10 cells) and spike output (n = 24) for On parasol cells in which signal and noise were measured in the same cells. Closed symbols show SNR estimates for On parasol cells in which noise (n = 17 cells, excitatory inputs; n = 29, spike output) and signals (n = 26, excitatory inputs; n = 58, spike output) were measured from different cells. recovery ( Figure 4F) ; these are most likely due to strong activation of inner retina feedback circuits.
With the strengths of long-and short-wavelength flashes chosen to elicit rod-mediated responses of equal amplitude, the cone-mediated response could be estimated from the difference between the responses (red trace in Figure 4F) . The cone-mediated responses were nonlinear in darkness (slope = 1.68 6 0.08, mean 6 SEM, n = 7; Figure 4G ), but became linear (slope = 1.09 6 0.07, n = 4) in the presence of backgrounds (0.008-0.01 R*/rod/s) that only affected rods ( Figures 4G and 4H ). Near-identical backgrounds linearized rod-mediated responses ( Figures 3A-3D ). The similarity in the nonlinearities affecting rod-and cone-mediated responses provides additional evidence for a location at the synapse between On cone bipolar cells and On parasol ganglion cells.
The Effect of Retinal Nonlinearity on Encoding of Sparse Photon Responses
The results above show that Off parasol ganglion cells integrate photon absorptions linearly or near linearly, whereas On parasol cells integrate photon absorptions nonlinearly due to thresholding at the On cone bipolar output synapse. This section describes the consequences of this difference for the encoding of responses to weak light inputs in the retinal output. We explored this issue by constructing a model that allowed manipulation of how single-photon responses are integrated ( Figure 5A ; see the Experimental Procedures for details).
The distribution of rod responses was modeled assuming a Poisson distribution of absorbed photons with a mean determined by the flash strength and a rate of spontaneous photonlike noise events of 0.0037 per rod per second [5] . Photon-like noise events were weighted according to when they occurred relative to the flash. We measured the temporal integration properties of the nonlinearity by delivering pairs of dim flashes, each producing w2 R*/RGC, while measuring excitatory synaptic inputs to an On parasol cell ( Figure 6A ). At this flash strength, responses to individual photon absorptions are integrated nonlinearly (Figure 2A) . To measure the time course of these nonlinear interactions, we subtracted the response to the initial flash (thick trace in Figure 6A ) from the responses to the paired flashes (thin traces in Figure 6A ). The isolated responses to the second flash ( Figure 6B ) showed clear nonlinear potentiation at short time offsets before declining to a steady amplitude for longer time offsets. We quantified the nonlinear interactions using an interaction index, defined as the integral of the average isolated response to the second flash of the pair divided by the integral of the average response to a single flash delivered alone. Collected across cells, the strength of nonlinear paired-flash interactions declined approximately exponentially with a 50 ms time constant ( Figure 6C ). The distribution of amplitudes of spontaneous noise events and background photon absorptions (for models that included background light) were constructed using this exponential weighting over time.
Given this description of the relevant signals in the rod array, we next modeled nonlinear subunits. Responses from a collection of rods were summed linearly, and Gaussian noise was added to account for cellular and synaptic noise introduced within the retinal circuitry. The level of added Gaussian noise was chosen to replicate the 20-fold reduction in noise produced by the nonlinearity ( Figure 3D ). This pooled signal was subjected to a nonlinear threshold that eliminated responses smaller than the threshold and retained those exceeding it. This threshold captures nonlinear interactions between signals in different rods-including between photonlike noise events and events from real photon absorptions. Responses from several such nonlinear subunits were combined to account for the 4,096 (2 12 ; see the Experimental Procedures) rods providing input to the modeled ganglion cell (e.g., if the subunits contained 1,024 rods, four subunits were added).
We varied the threshold and the number of rods in each subunit to identify conditions that approximated those observed experimentally. Models with 1,024 rods per subunit and a threshold of two photon-like events captured both the nonlinear dependence of response amplitude on flash strength and the relief of this nonlinearity by weak backgrounds ( Figures 5B and 5C ). Thresholds substantially lower than two failed to capture the nonlinearity as they rejected too few single-photon responses and hence produced a toolinear stimulus-response relation. Thresholds substantially higher than three produced a too-steep stimulus-response relation and required levels of rod convergence greater than the known anatomical convergence within the rod bipolar circuit (Figure 5B) , assuming that the convergence in primate is similar to that in cats [26] . We used this model to compare detection thresholds of linear (e.g., Off parasol) and nonlinear (e.g., On parasol) models using two-alternative forced-choice discrimination of flash versus no-flash responses. Because the model predicts full response distributions, we could use a simple maximum-likelihood procedure for discrimination. Thus, at a given flash strength, each possible response amplitude was classified as more likely to correspond to a trial with a flash or with no flash; weighting these classification signals by the probability of each response amplitude and summing determined the probability of correct discrimination (see the Experimental Procedures). The nonlinearity shifted the relationship between probability correct and flash strength to the right, such that the flash identified correctly on 75% of the trials increased in strength by w40% compared to a linear model ( Figure 5D ). This decreased sensitivity is most prominent at the lowest flash strengths, consistent with direct discrimination based on the measured ganglion cell responses ( Figure 1E ). At the lowest flash strengths, subunits in the model rarely received more than one photon and the threshold decreased signal more than it decreased noise (see also Figure 3E ).
We also monitored false-positive responses-i.e., responses during trials in which no flash was delivered that were erroneously identified as flash responses. Nonlinear integration decreased the rate of false-positive responses more than 30-fold compared to linear integration ( Figure 5E ). The decreased false-positive rate is a direct result of the threshold eliminating the added noise arising downstream of rods and noise arising from spontaneous photon-like events in rods. These noise sources, if not eliminated, cause noise in the modeled ganglion cell responses to often mimic responses to weak flashes and create false-positive responses. Thus, false negatives (missed photon absorptions) dominate discrimination errors when the rod array is read out nonlinearly, whereas false positives are much more prominent when the readout is linear (see also Figure 1E ).
The model shows directly the impact of the nonlinearity on the balance between false-positive responses and sensitivity. Because the nonlinearity limits information about singlephoton absorptions available to the brain, it constrains the ability to trade false-positive responses for improved detection of weak inputs. At the same time, the nonlinearity makes extracting information about incident photons from the On parasol output signals exceedingly simple since so little noise remains in the responses.
Discussion
We characterized the responses of primate On and Off parasol ganglion cells to single-photon absorptions in the rod photoreceptors. Our results show a fundamental difference in how single-photon responses generated in the rods are read out by the circuits controlling responses of On and Off parasol ganglion cells. On parasol cell responses are shaped by a previously unappreciated nonlinear processing step located at the excitatory synapse between On cone bipolar cells and On parasol ganglion cells. Off parasol cells do not share this nonlinearity. The nonlinearity causes On parasol cells to provide a thresholded and remarkably noise-free estimate of the incoming photon stream, but it also eliminates responses to many single-photon absorptions. These findings require revisiting long-held ideas about how responses near absolute visual threshold are encoded in the retinal output.
Retinal Strategy in Sparse Signal Detection
Many neural circuits face the challenge of integrating noisy inputs under conditions in which the signal of interest is sparse. Indeed, this problem recurs as signals traverse the retina through the rod bipolar circuitry and as elements of this circuitry necessarily add noise to the sparse responses to single photons. Retinal circuits, interestingly, do not adopt a single approach to coding under these conditions.
Readout noise in near-threshold detection tasks can often be mitigated by strongly amplifying signals in the sensory receptors themselves and then averaging over receptors to improve the signal-to-noise ratio. These strategies are of limited effectiveness, however, when signals are sparse; in particular, if noise is present in all receptors and signals are carried by less than the square root of the number of receptors, averaging will decrease rather than increase the signal-tonoise ratio. These are precisely the conditions under which rod vision operates at visual threshold, and hence other approaches are needed to account for absolute visual sensitivity. Previous work indicates that a nonlinearity at the synapse between rods and rod bipolar cells serves to substantially improve the sensitivity of rod-mediated responses by eliminating much of the noise in rod phototransduction [8] [9] [10] . Because noise fluctuations and single-photon responses cannot be unambiguously distinguished, this thresholding necessarily also eliminates a sizable fraction of the singlephoton responses. Indeed, the position of the threshold agrees well with predictions based on retaining responses more likely to be signal than noise. This synapse provides a universal first step in the processing of rod signals under conditions where the rod bipolar pathway is the dominant conduit of signals across the retina.
Synaptic and cellular processing steps after the rod bipolar synapse inevitably add noise to rod-mediated signals. This added noise means that later stages of retinal processing provide additional opportunities to reject noise at the cost of rejecting small signals. Here we show that different outputs of the primate retina differ in noise level and retention of single-photon responses. Responses of On parasol cells were consistent with a coincidence detection model incorporating a threshold; thresholding occurred at the synapse between On cone bipolar cells and On parasol cells. Off parasol cells instead integrated single-photon responses linearly or near linearly. Both cell types shared similar sensitivity to flashes near absolute visual threshold. Thus, the initial nonlinearity at the synapse between rods and rod bipolar cells provides noise rejection common to all retinal readouts, whereas the nonlinearity at the On cone bipolar output synapse causes On, but not Off, parasol cells to encode a low-noise but thresholded version of the incoming photon stream.
The distinctive strategies On and Off parasol circuits employ are remarkably specific. Mean lights producing less than one absorbed photon per hundred rods per second, only slightly greater than the rate of spontaneous rhodopsin activation in the dark, relieved the nonlinearity in the On parasol circuits and caused them to integrate single-photon responses linearly or near linearly. Under these conditions, responses of On and Off parasol cells were more symmetrical. This strong dependence on background light highlights the specificity of the thresholding mechanism in the On pathway in the darkness. This thresholding is one of several examples in which fine tuning of a simple synaptic mechanism-in this case the linearity or nonlinearity of the On cone bipolar synaptic output-can have dramatic effects on circuit function (reviewed by [29] ).
Comparison with Classical Studies of Absolute Visual Sensitivity
Two models were proposed in the mid-1900s to account for behavioral sensitivity to small, brief flashes [30, 31] . The first model posits that human behavioral sensitivity to dim flashes relies on detecting coincident photons [32] . It was even hypothesized that such coincidence detection might arise from nonlinear subunits in the retina [33] . The second model posits that each rhodopsin activation-whether spontaneous or through photon absorption-modulates the retinal output (reviewed in [5, 17] ).
The model in which the retina reports each rhodopsin activation has gained favor, although the experiments supporting it are suggestive rather than definitive. Physiological evidence is largely based on in vivo recordings from On ganglion cells in anesthetized cats [22, 23] . The high dark firing rates in these recordings are consistent with the proposal that each spontaneous rhodopsin activation contributes to the retinal output. This behavior is fundamentally different from that of dark-adapted On parasol ganglion cells in the in vitro primate retina. The difference may arise from species differences and/ or differences in recording conditions (in vitro versus in vivo under anesthesia); recordings in matching conditions will be needed to resolve this discrepancy. On ganglion cells in amphibians (toads and frogs [34] [35] [36] ) and in mice (unpublished data) operate similarly to primate On parasol cells, maintaining a near-zero spontaneous firing rate in the dark; this behavior is more consistent with a thresholding mechanism eliminating noise originating from spontaneous rhodopsin activations. Off ganglion cells in mice, like those reported here, maintain high spontaneous firing rates in the dark [25] .
Behavioral evidence that every rhodopsin activation contributes to the retinal output comes from the ability of humans to lower detection threshold at the cost of an increased rate of false-positive responses ( [37] ; for a review, see [5, 17] ). Recent behavioral measurements, however, suggest that the ability to trade false-positive responses for sensitivity falls short of expectations for a noisy detector that responds to every photon [38] . This finding is consistent with a threshold that eliminates a fraction of the single-photon responses. Further refinement of such behavioral experiments could test the impact of the thresholding we observe here.
The differences documented here in how On and Off parasol cells integrate single-photon responses provides an alternative to the classic models used to explain visual perception: the brain has access to retinal outputs that are either nearly noise-free but thresholded (via the On parasol cells) or that are noisy but retain information about each photon absorption (via the Off parasol cells). This result will need to be incorporated into interpretation of psychophysical measures of absolute sensitivity. Specifically, since the brain has access to both linear and nonlinear readouts of the weakest light stimuli, changing the weighting associated with different retinal outputs could contribute to the well-established behavioral ability to trade false-positive responses for sensitivity [5, 39] . Such reweighting of different retinal outputs could similarly allow central circuits to adopt responses consistent with either of the classic models used to account for behavioral sensitivity. Such a general computation strategy has implications far beyond vision.
Experimental Procedures
Electrophysiological Recordings All recordings were from primate (Macaca nemestrina and fascicularis) parasol ganglion cells. Recordings were from peripheral retina (eccentricity >30 ), except those of Figures 4F-4H , which specifically targeted more central cells (eccentricity 15 -20 ) with stronger cone inputs. Primate retina was obtained through the Tissue Distribution Program of the Regional Primate Center at the University of Washington. Retina storage, handling, and recording followed previously published procedures [28, 40] . All experiments were done in accordance with guidelines for the care and use of animals at the University of Washington. The figures are based on recordings at 32 C-34 C; the essential features of the nonlinearity in the On parasol responses were similar at 37 C (for five cells at 37 C, the slope as in Figure 2A was 1.84 6 0.11, mean 6 SEM, and the dark firing rate was 0.8 6 0.3 Hz).
Light Stimuli
Calibrated light stimuli (10-20 ms flashes and steady background lights, spatially uniform spot, 560 mm in diameter) were delivered from blue and/ or green light-emitting diodes (LEDs; peak output at 460 nm and 510 nm) in rod-mediated experiments. A red LED (peak at 640 nm) was used to elicit cone-mediated response components (Figures 4F-4H ). LED light output was focused on the retina by the microscope condenser.
Stimulus intensities are given in terms of isomerizations per rod per second (R*/rod/s), based on the measured LED spectral output, rod spectral sensitivity, and an assumed collecting area of 1 mm 2 [41] . We converted light intensities to isomerizations per parasol ganglion cell (R*/RGC) by assuming convergence of 4,000 rods for macaque parasol cells [21] .
Solutions
Cell-attached recordings were made using pipettes filled with Ames solution. Whole-cell voltage-clamp recordings were made using pipettes filled with 105 mM CsCH 3 SO 3 , 10 mM TEA-Cl, 20 mM HEPES, 10 mM EGTA, 5 mM Mg-ATP, 0.5 mM Tris-GTP, and 2 mM QX-314 (pH w7.3 with CsOH; w280 mOsm). Excitatory synaptic inputs were measured by voltage clamping of cells near the reversal potential for inhibitory inputs (w270 mV). Reported holding voltages have been corrected for a 210 mV junction potential. Series resistance was typically 6-10 MU and was compensated 50%.
Data were collected only from cells that met two criteria. First, prior to mounting of the retina in the recording chamber, attachment to the pigment epithelium had to be excellent. Strong attachment was critical for finding On parasols in their most sensitive state. Second, we required that cells generate an average of four to five spikes in response to a brief flash producing 0.001-0.002 R*/rod. These criteria were established on the assumption that the most sensitive cells we record from in vitro resemble those in vivo.
Two-Interval Forced-Choice Discrimination Task
To discriminate flash and no-flash experimental trials as in Figure 1 , we computed the instantaneous firing rate of the ganglion cell in 10 ms time bins. The mean response across all flash strengths was used as the discriminant. The trial to be discriminated was not used to calculate the discriminant to remove a possible source of bias. For each trial, we computed the correlations between the discriminant and the 500 ms intervals preceding and following the 10-20 ms flash. We classified the flash detection as correct if the correlation with response after the flash was larger than that with the response prior to the flash. If the correlation values were equal, half of the epochs were assigned as correct choices and half as incorrect choices corresponding to the forced-choice procedure. The general procedure is in line with previous literature [24, 25] . Figure 5 is based on a model for the parasol responses. For a given flash strength, rod signals were approximated by sampling from a Poisson distribution corresponding to the mean number of absorbed photons produced by the flash. Noise from spontaneous rhodopsin activation was added, assuming a rate of 0.0037 events/rod/s [5] and an exponential weighting function with a time constant of 50 ms (see Figure 6 ). Background photons, when present, were treated identically. Thus, the distribution of spontaneous and background events was obtained from the probability of an event occurring at a given time offset relative to the flash multiplied by the exponential weighting function at that time. This distribution was convolved with the Poisson distribution describing photon absorptions from the flash.
Retinal Circuit Model
For modeling of nonlinearities at different circuit locations, signals from a collection of rods (constrained to be a power of 2 for computational efficiency) were pooled to create a nonlinear ''subunit'' of the parasol cell receptive field, stimulus-independent Gaussian noise was added to the pooled rod signal to approximate synaptic noise, and the resulting signals were thresholded to model the observed nonlinearity ( Figure 5A ). Outputs of several such nonlinear subunits were summed to predict responses of a ganglion cell receiving (indirect) input from 4,096 rods. The combination of noise amplitude and threshold was constrained such that the threshold reduced the variance of the pooled rod signals by a factor of w20 (to match the data from the On parasol cell in Figure 5 and the collected data in Figure 3D) . The combination of subunit size and threshold determined the shape of the stimulus-response relation, with thresholds of near two and subunit sizes near 1,000 rods providing the best match to the data (Figure 5B) . Models with thresholds of four or more fit the data poorly and required subunits containing at least 4,000 rods; this high level of convergence is inconsistent with the known anatomy, assuming that primates and cats are similar [26] . The model did not incorporate rejection of single-photon responses at the synapse between rods and rod bipolar cells [8] ( Figure S1 ); including this step would increase the level of convergence required to fit the data by at most by a factor of two (if at most half of the single photon responses are rejected). This increase in convergence would not change the central conclusion of the modeling that a threshold of two to three photon-like events is required to fit the data.
The impact of nonlinear integration on behavioral sensitivity was explored in the context of a two-alternative forced-choice procedure in which the task was to determine whether a single response was produced by a flash or not. Discrimination used full distributions of response amplitudes. Thus, the model predicts, at a given flash strength, the probability that a given response amplitude A was produced on a no-flash trial [P NF (A)] and on a flash trial [P F (A)]. Amplitudes were classified as more likely corresponding to a flash or no-flash trial from the ratio of the probabilities. This procedure produced a discrimination criterion for every A. Correct discrimination, as in Figure 5D , was determined by summing P F (A) at all amplitudes A more likely to correspond to flashes [i.e., where P F (A) > P NF (A)]. False positives, as in Figure 5E , were determined by summing P NF (A) at the same amplitudes.
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